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Kunu is a traditional fermented single or mixed cereals-based beverage popularly
consumed in many parts of West Africa. Presently, the bacterial community and
mycotoxin contamination profiles during processing of various kunu formulations
have never been comprehensively studied. This study, therefore, investigated the
bacterial community and multi-mycotoxin dynamics during the processing of three
kunu formulations using high-throughput sequence analysis of partial 16S rRNA gene
(hypervariable V3-V4 region) and liquid chromatography tandem mass spectrometry
(LC-MS/MS), respectively. A total of 2,303 operational taxonomic units (OTUs) were
obtained across six processing stages in all three kunu formulations. Principal coordinate
analysis biplots of the Bray-Curtis dissimilarity between bacterial communities revealed
the combined influences of formulations and processing steps. Taxonomically,
OTUs spanned 13 phyla and 486 genera. Firmicutes (phylum) dominated (relative
abundance) most of the processing stages, while Proteobacteria dominated the
rest of the stages. Lactobacillus (genus taxa level) dominated most processing
stages and the final product (kunu) of two formulations, whereas Clostridium
sensu stricto (cluster 1) dominated kunu of one formulation, constituting a novel
observation. We further identified Acetobacter, Propionibacterium, Gluconacetobacter,
and Gluconobacter previously not associated with kunu processing. Shared
phylotypes between all communities were dominated by lactic acid bacteria including
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species of Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, and
Weissella.Other shared phylotypes included notable acetic acid bacteria and potential
human enteric pathogens. Ten mycotoxins [3-Nitropropionic acid, aflatoxicol, aflatoxin
B1 (AFB1), AFB2, AFM1, alternariol (AOH), alternariolmethylether (AME), beauvericin
(BEAU), citrinin, and moniliformin] were quantified at varying concentrations in
ingredients for kunu processing. Except for AOH, AME, and BEAU that were retained
at minimal levels of < 2 µg/kg in the final product, most mycotoxins in the ingredients
were not detectable after processing. In particular, mycotoxin levels were substantially
reduced by fermentation, although simple dilution and sieving also contributed to
mycotoxin reduction. This study reinforces the perception of kunu as a rich source
of bacteria with beneficial attributes to consumer health, and provides in-depth
understanding of the microbiology of kunu processing, as well as information on
mycotoxin contamination and reduction during this process. These findings may aid the
development of starter culture technology for safe and quality kunu production.
Keywords: bacterial diversity, fermented beverage, food safety, high-throughput sequencing, lactic acid bacteria,
kunu, mycotoxins
INTRODUCTION
Fermented beverages constitute a major part of the diets of
traditional African homes (Tafere, 2015). In Nigeria, traditional
beverages are widely consumed and mostly preferred to
commercial soft drinks by individuals from low income settings
due to their relatively low cost of production and high nutritional
benefits (Ezekiel et al., 2015).
Kunu is a traditional beverage produced principally from
single or mixed cereals such as maize, millet, rice, or sorghum.
In some cases, peanut is added to the cereals to make-up the raw
material input. The grain (cereals and nuts) input could also be
supplemented with additives such as cloves, pepper, ginger, sweet
potato and tiger nut, which are added as homogenized mixtures
just before the fermentation of the beverage. The sets of cereal
and nut applied to the production of kunu determine its variety.
For example, kunu-zaki comprises of millet, sorghum or maize;
kunu-tsamiya, millet, sorghum or rice; kunu-gyada, rice, peanut,
millet or sorghum; and kunu-gayamba, solely millet (Gaffa et al.,
2002). Kunu-zaki is the commonest of the kunu varieties due to its
nutritional and health benefits (Adelekan et al., 2013). Generally,
kunu is consumed whilst in an active state of fermentation by
both adults and children (Efiuvwevwere and Akona, 1995). The
nutritional content of kunu includes 9.84–12% carbohydrate,
1.56–3% protein, 0.1–0.3% fat, and 0.61–075% dietary minerals
(Adeyemi and Umar, 1994; Badifu et al., 1999), and its health
benefits range from purging the bowels and relief of flatulent
conditions (Omakwu, 1980), to the enhancement of lactation in
nursing mothers (Efiuvwevwere and Akona, 1995).
The production process of kunu comprises six critical
steps: steeping of the cereals in water to allow for softening
and fermentation by autochthonous bacteria, wet milling,
gelatinization of a large portion of milled grains by addition
of boiling water, addition of a mix of milled additives and the
remainder portion of the milled grains to the gelatinized gruel,
fermentation of the mixture, and sieving of the fermented slurry
to obtain kunu (Gaffa and Ayo, 2002). The pH of kunu is usually
acidic (pH 3–5.46) (Efiuvwevwere and Akona, 1995; Gaffa et al.,
2002; Adelekan et al., 2013). The steeping duration varies and is
largely dependent on the type of cereal used (Gaffa et al., 2002).
Similarly, the duration of the fermentation step of the gelatinized
gruel mix varies from 8 to 24 h depending on the complexity of
the food matrices used for kunu processing and the proportion
of mixture of milled grains and additives to the gelatinized gruel
(Gaffa and Ayo, 2002; Osuntogun and Aboaba, 2004; Oluwajoba
et al., 2013; Olosunde et al., 2015).
The fermentation stages of kunu-zaki are driven by consortia
of bacteria (mostly lactic acid bacteria) (Efiuvwevwere and
Akona, 1995; Gaffa and Gaffa, 2004; Osuntogun and Aboaba,
2004; Oguntoyinbo et al., 2011; Ikpoh et al., 2013; Aboh and
Oladosu, 2014) and a few yeasts (notably Saccharomyces
cerevisiae) (Efiuvwevwere and Akona, 1995; Gaffa and
Gaffa, 2004) that contribute to the breakdown of complex
macromolecules into simpler compounds. Although, there
is a recent culture-independent (sanger-based sequencing
technology) microbiological study of a kunu variety
(Oguntoyinbo et al., 2011), most of the previous microbiological
studies on kunu are based on conventional isolation methods
and classical identification techniques which are prone to biases,
low taxonomic resolution, misidentification of species and
underestimation of species richness and diversity (Cocolin
and Ercolini, 2015; Ezeokoli et al., 2016). Currently, there are
no high-throughput sequencing (HTS)-based studies on kunu
microbial ecology. The application of HTS technologies (also
referred to as next generation sequencing) may help unravel
hitherto unidentified bacterial species associated with kunu
processing and kunu products (Franzosa et al., 2015; Ezeokoli
et al., 2018). In addition, there is a paucity of information
on the microbial diversity of different formulations of kunu
at different stages of processing. Consequently, an in-depth
understanding of the microbiology of kunu will provide insight
into the community structure and functional roles of microbes
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in the production of varieties of this beverage. Furthermore,
the knowledge of kunu microbial community will facilitate the
selection of starter cultures for improvement of the safety and
quality of this widely consumed beverage.
Chemical food contaminants (e.g., mycotoxins) may, however,
distort the safety and quality of kunu due to the use of diverse
cereals and nuts that have been reported to be prone to several
mycotoxins in the beverage formulation (Adetunji et al., 2014;
Afolabi et al., 2015; Ezekiel et al., 2015, 2018; Oyedele et al.,
2017). Thus, there is a need to evaluate the extent to which
mycotoxins can be carried over into various kunu formulations,
considering the diverse grain inputs into the production of this
beverage. Previous studies have shown that a few mycotoxins
can be present in kunu-zaki, albeit at reduced levels (Ezekiel
et al., 2015; Olosunde et al., 2015). However, the influence of
specific processing steps on the levels of mycotoxins during the
processing of one or many formulations of kunu is yet to be
elucidated. Such data coupled with information on the microbial
community structure is highly relevant to food safety and
protection of consumer health in view of the adverse health effects
that may arise from dietary mycotoxin exposures (International
Agency for Research on Cancer [IARC], 2015). Furthermore, it
has been postulated that traditional beverages can contribute to
increased mycotoxin exposures in high cereal -dependent regions
such as sub-Saharan Africa (SSA) (Ezekiel et al., 2018). Thus,
there is a need to determine the processing steps and grain
combinations that are critical to the reduction of mycotoxin
exposure through beverage consumption. This information may
be useful for recommending safe kunu formulation(s) for
consumer benefits.
Therefore, this study aimed to determine the bacterial
community diversity and dynamics during the processing of
three kunu formulations by using HTS-based technology, and
to evaluate the effect of processing on the mycotoxin profiles
at various stages of processing by using liquid chromatography
tandem mass spectrometry (LC-MS/MS).
MATERIALS AND METHODS
Source of Ingredients
Samples of millet, sorghum (red and white varieties), ginger,
peanut, sweet potato, tiger nut and cloves were purchased in
January 2017 from the local market in Ilishan Remo (6.8932◦N,
3.7105◦E), Ogun state, Nigeria. Only ingredients without visible
insect infestation, discolorations and rot were used for this study.
Kunu Formulations and Processing
Three different formulations of kunu designated as A, B, and C
were prepared using the ingredients. Formulation A comprised of
millet, white sorghum, peanut, cloves, ginger and tiger nut while
formulation B was made from millet, white sorghum, cloves,
ginger and sweet potato. Formulation C consisted of millet, red
sorghum, cloves, ginger and tiger nut. In the formulations, cloves,
ginger, sweet potato and tiger nut served as additives to millet,
sorghum (white or red variety) and peanut, which were used as
grain bases for the beverage. Precisely 1 kg of each grain and
100 g of each additive were used in the formulations. Maize was
excluded from the formulations in order to eliminate extremely
high levels of diverse mycotoxins from the beverage.
For kunu processing, rudimentary utensils and tap water
were used in order to replicate as much as possible the
traditional processing method. The exact process undertaken
for the preparation of the kunu formulations in this study is
outlined in Figure 1. For clarity, all processing steps, including
the fermentation step, were carried out under prevailing ambient
temperature (33 ± 2◦C). Precisely 3 L and 300 mL of tap
water were used for the steeping of grains (1 kg) and additives
(100 g), respectively; this step and the fermentation step were
performed in prewashed 5 L wide mouth plastic containers with
lids and without agitation or additional aeration. Prewashing
of the containers was performed with detergent and thorough
rinsing with tap water. Ginger and sweet potato were not steeped,
but peeled and washed with tap water prior to wet milling. Milling
(wet milling) was performed for approximately 10 min using a
commercial milling machine to make fine slurry. The commercial
milling machine was rinsed twice with tap water to clear off debris
from previous use. Gelatinized portions of the gruels were left to
cool down to a temperature of 37 ± 2◦C (typically for duration
of at least 3 h) before proceeding to the homogenization step.
Sieving of the fermented substrate was performed using a clean
muslin cloth.
Sampling
Samples were collected from various core processing steps
based on relevance of each step to either the bacterial
community profile study or mycotoxin reduction analysis.
For both (bacterial and mycotoxin) analyses, samples of
steep liquor, milled grains and kunu were collected, while
samples of raw grains, milled additives, cooled gruel (after
gelatinization) and pomace (after sieving) were taken
for mycotoxin analysis, and samples of the fermenting
substrate were collected at 0, 6, and 12 h of fermentation
for microbial analysis. Approximately 20 mL and 20 g
subsamples of liquid and semi-/solid samples, respectively,
were randomly collected for analysis. All samples were
immediately frozen at −20◦C prior to shipment on dry ice and
analyses at the Agricultural Research Council–Biotechnology
Platform, South Africa for HTS analysis, and the Center for
Analytical Chemistry, IFA–Tulln, Austria for multi-mycotoxin
analysis.
Total Community DNA Extraction
Genomic DNA was extracted from samples using the Quick-
DNA Fecal/Soil microbe kit (Zymo Research, Irvine, CA,
United States) according to the manufacturer protocol. For
steep liquor, 20 ml of samples was vacuum filtered through
a sterile 0.2 µm pore size membrane filter (Whatman Plc,
Maidstone, United Kingdom) and DNA extracted directly from
the membrane filter whereas for milled grains and fermenting
gruels, 0.25 g (wet weight) of sample homogenate were used
for DNA extraction. For kunu, samples were centrifuged at
12,000 rpm for 5 min and DNA was extracted from 0.25 g
(wet weight) of the sediment. DNA integrity and concentration
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FIGURE 1 | Flow chart for kunu processing. M and T represent points of sample collection for bacterial community and mycotoxin analyses, respectively.
were verified by agarose (1% w/v) gel electrophoresis and
fluorometric quantification (Qubit 2.0, Invitrogen, Carlsbad, CA,
United States), respectively.
High-Throughput Sequencing of
Bacterial Communities
Partial 16S rRNA gene (hypervariable V3-V4) libraries were
amplified using universal bacterial primers 341F (forward) and
805R (reverse) (Klindworth et al., 2013). Each forward and
reverse primer contained Illumina overhang adapters (Illumina
Inc., United States). Library preparation steps were performed as
described previously (Mashiane et al., 2017; van Wyk et al., 2017).
Briefly, PCR amplicons were purified using Agent Court AMPure
XP beads (Beckman Coulter, Brea, CA, United States), and each
sample amplicon uniquely indexed with dual indexes. Uniquely
indexed amplicons were purified again with AMPure beads,
quantified using a Qubit fluorometer (Invitrogen, Carlsbad,
CA, United States), normalized to equal concentration in a
resuspension buffer (Illumina Inc., San Diego, CA, United States)
library, pooled in equimolar proportions, denatured in 0.2 M
NaOH and loaded along with denatured PhiX (control) library
onto a MiSeq V3 cartridge for a 2 X 300 bp paired-end sequencing
run on the Illumina MiSeq sequencer (Illumina Inc, San Diego,
CA, United States).
Bioinformatics
Demultiplexed sequence reads were checked for quality
using FastQC software (v. 0.11.7, Babraham Institute,
United Kingdom) and subsequently trimmed of low-quality
regions (10 bp) at both 5′- and 3′-ends using Trimommatic
(Bolger et al., 2014). PANDAseq (Masella et al., 2012) was
used to assemble (merge) forward and reverse reads with a
minimum overlap of 50 bp, as well as eliminate merged reads
with ambiguous nucleotide bases (N) and spurious lengths
(>465 bp) at a threshold (t) of 0.7 and by using the simple
Bayesian algorithm. Merged reads were then binned (closed
reference OTU picking) into operational taxonomic units
(OTUs) (97% 16S rRNA gene similarity) against the SILVA rRNA
reference (Release 128) (Quast et al., 2013) by using Usearch61
(Edgar, 2010; Edgar et al., 2011) in Quantitative Insights Into
Microbial Ecology (QIIME) software (v. 1.9.1) (Caporaso et al.,
2010). Singletons were removed from the OTU count table
before normalization (rarefaction) to even depths across samples
in QIIME. Alpha diversity and principal coordinate analyses
were performed in QIIME and/or R software version 3.4.0 (R
Core Team, 2013). Multivariate analysis was performed based
on the relative abundance of OTU counts. Statistical tests for
differences in multivariate space were not performed because
treatments were not replicated.
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Data Availability
Raw sequence reads generated in this study are available
in the Sequence Read Archives1 of the National Centre for
Biotechnology Information under the bioproject accession
number PRJNA482055.
Multi-Microbial Metabolite Analysis of
Kunu Formulations
Samples of grains, by-products (steep liquor and pomace) and
kunu were analyzed for the presence of over 295 microbial
metabolites including the major mycotoxins (e.g., aflatoxins,
fumonisins, dexoynivalenol, ochratoxins, and their metabolites)
by a liquid chromatography tandem mass spectrometric (LC-
MS/MS) method described by Malachova et al. (2014). Please
see full list of 295 metabolites in Malachova et al. (2014). For
the grains, 5 g of each ground sample was extracted with
20 mL of acetonitrile/water/acetic acid (79:20:1, v/v/v) in a
50 mL polypropylene tube (Sarstedt, Nümbrecht, Germany)
for 90 min using a GFL 3017 rotary shaker (GFL 3017,
Burgwedel, Germany). In the case of liquid samples (steep
liquor and kunu), mycotoxins were extracted from 2.5 mL
of the samples in 15 mL polypropylene tubes containing
7.5 mL of extraction solvent and centrifuged at 10,000 rpm
for 3 min at ambient temperature. All extracts were diluted
with acetonitrile/water/acetic acid (20:79:1, v/v/v) solvent and
injected into the LC system as described in detail by
Sulyok et al. (2006). LC-MS/MS screening of target fungal
metabolites was performed using a QTrap 5500 LC-MS/MS
System (Applied Biosystems, Foster City, CA, United States)
equipped with TurboionSpray electrospray ionization source and
1https://www.ncbi.nlm.nih.gov/sra
a 1290 Series HPLC System (Agilent, Waldbronn, Germany).
Chromatographic separation was performed at 25◦C on a
Gemini R©C18-column, 150 × 4.6 mm i.d., 5 mm particle size,
equipped with a C18 4 × 3 mm i.d. security guard cartridge
(Phenomenex, Torrance, CA, United States). Confirmation of
positive analyte identification was obtained by the acquisition
of two scheduled multiple reaction monitoring (MRMs) which
yielded 4.0 identification points according to the European
Commission decision 2002/657. In addition, the LC retention
time and the intensity ratio of the two MRM transitions agreed
with the related values of an authentic standard within 0.1 min
and 30% rel., respectively. Apparent recoveries of the metabolites
were determined by spiking 0.25 mL of five different kunu
samples. The spiked samples were stored overnight at ambient
temperature to establish equilibrium between the metabolites
and samples. The extraction (in 1 mL of solvent), dilution
and analysis were as described earlier. The accuracy of the
method was crosschecked by participation in inter-laboratory
comparison studies organized by BIPEA (Gennevilliers, France).
Only mycotoxins that were positive in the samples are reported
in the results section.
RESULTS
Diversity and Community Structure of
Operational Taxonomic Units
A total of 2,647,697 high-quality sequences were obtained from
all the samples of the three kunu formulations after quality
filtering and binning into OTUs. Normalization (rarefaction) of
data to a depth of 13,920 sequences per sample was sufficient
to estimate community diversity in all samples (Figure 2).
FIGURE 2 | Rarefaction Curve of OTUs to even subsampling depth. Rarefaction curve was constructed using the vegan package of R software after single
rarefaction to a depth of 13920 sequences per sample in QIIME software.
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A total of 2,303 OTUs were obtained from all samples
(Figure 3A), with 526 OTUs shared between all formulations
(Figure 3A). Steep liquor had the highest number of OTUs
in both formulations A (706 OTUs) and C (516 OTUs), while
fermentation at 12 h had the highest number of OTUs (600
OTUs) in formulation B (Table 1). As expected, trends in
Chao1—, a species richness estimation that accounts for possible
rare species in the community that might have been missed due
to under sampling—, phylogenetic diversity—an indices based
on evolutionary distances between species in a given sample—,
and Shannon-Weiner index of diversity observed among stages
of the different formulations were similar to trends observed in
the number of OTUs (Table 1). In comparison to stages within
a formulation and between formulations, higher values of these
indices indicate higher species richness (Observed OTUs, Chao1)
and diversity (Shannon–Weiner index, Phylogenetic diversity).
In all formulations, the least OTU diversity was observed at the
0 h fermentation stage. Similarly, the least number of shared
OTUs among all the formulations was at the 0 h fermentation,
while the most number of shared OTUs was mid-way through
the fermentation (6 h) (Figures 3B–G). Overall, pair-wise
comparisons of shared OTUs between formulations revealed that
the most number of OTUs (206 OTUs) were shared between
formulation A and C (Figure 3A), while the least number of
OTUs (119 OTUs) were shared between formulations A and B
(Figure 3A).
The unweighted (on the basis of presence/absence of
OTUs) Bray-Curtis dissimilarity principal coordinate analysis
(PCoA) biplot for OTUs distribution revealed that the bacterial
community structure of the processing stages of formulation
A were the most diverse compared to other formulations
(Figure 4A). However, close similarities in community structure
were observed between stages of the same formulations and
between stages of different formulations (Figures 4A,B). For
example, the bacterial community of fermentation at 0, 6, and
12 h were similar for formulation B (Figure 4A), while the
bacterial community of the fermenting substrate at 0 h was
similar for both formulations B and C (Figure 4A). Similarly, the
bacterial community of steep liquor and kunu for formulation B
were similar, while the bacterial community of the fermenting
substrate at 12 h and kunu of formulation B were closely
similar. In the weighted (on the basis of presence/absence and
relative abundance of OTUs) Bray-Curtis dissimilarity PCoA
biplot for the absence/presence and relative abundance of OTUs
(Figure 4B), the similarities between communities were more
pronounced, particularly for communities between kunu of
FIGURE 3 | Shared operational taxonomic units between formulations (A) Total (all stages) (B) Steep liquor. (C) Milled grains. (D) Fermentation at 0 h.
(E) Fermentation 6 h. (F) Fermentation 12 h. (G) Kunu. Venn diagram was constructed by using the online Venny tool v.2.1. (Oliveros, 2007;
http://bioinfogp.cnb.csic.es/tools/venny/).
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TABLE 1 | Operational taxonomic units (OTUs) diversity metrics in different formulations of kunu after single rarefaction to even depth of 13,920 sequences per sample.
Processing stage Observed OTUs Chao1 †Phylogenetic diversity Shannon-Weiner
Formulation A Steep liquor 706 811.99 49.40 6.21
Milled grains 307 515.41 17.81 4.42
Fermentation (0 h) 246 448.78 18.32 2.99
Fermentation (6 h) 382 575.80 21.12 4.85
Fermentation (12 h) 287 521.50 19.03 3.97
Kunu (final product) 251 493.00 19.96 1.77
Formulation B Steep liquor 445 720.34 27.14 5.15
Milled grains 354 665.73 21.42 3.95
Fermentation (0 h) 134 249.56 10.72 1.50
Fermentation (6 h) 339 505.96 20.33 4.45
Fermentation (12 h) 600 918.31 33.64 6.23
Kunu (final product) 245 477.23 17.09 2.86
Formulation C Steep liquor 516 874.50 29.79 4.65
Milled grains 441 738.01 27.55 4.56
Fermentation (0 h) 139 293.29 15.13 1.70
Fermentation (6 h) 473 738.42 25.03 5.19
Fermentation (12 h) 338 582.17 20.18 4.53
Kunu (final product) 416 818.21 26.69 3.96
†Based on PD_whole_tree; Observed OTUs or OTU Richness is the number of observed unique operational taxonomic units (defined by 97% 16S rRNA gene sequence
similarity). Chao1 is a richness estimation or prediction based on the adjustment of species richness for rare OTUs that may have been missed due to under sampling.
Chao 1 is often referred to as the true species richness of a given community; PD (phylogenetic distance) whole tree is a diversity estimate calculated from the phylogenetic
distances of OTUs present within a sample. Shannon-Weiner index of diversity accounts for the abundance and evenness (equitability) of species in a community. The
higher the Shannon-Weiner index, the more diverse are the species in that community.
formulation A and milled grains of formulation B (Figure 4B).
Within formulations, steep liquor, fermentation at 0 h and kunu
had closely similar bacterial community structures (Figure 4B).
Other closely similar bacterial communities included those of
steep liquor in formulation C and fermentation at 6 h in
formulation A.
Taxonomic Diversity and Dynamics
All 2,303 OTUs obtained from the processing stages of the
different kunu formulations taxonomically spanned at least
13 phyla and 486 genera, with several of the OTUs being
unclassified at these taxonomic ranks. At the phylum taxonomic
level, Firmicutes dominated most of the processing stages of
all kunu formulations (Figure 5), except for the steeping stages
of formulation A, and at 6 and 12 h fermentation stages of
formulations A and B, respectively, which were dominated by
Proteobacteria (Figure 5). Other phyla that constituted at least
1% relative abundance in all stages included Actinobacteria,
Bacteriodetes, and Cyanobacteria (Figure 5).
The phylotypes (at the genus taxonomic rank) with at
least 1% relative abundance in any of the processing stages
of each formulation are presented in Figure 6. Overall,
Lactobacillus dominated most of the processing stages, especially
in the kunu of formulations A and B (Figures 6A,B). In
contrast, Lactobacillus dominated all stages but kunu of
formulation C, where Clostridium sensu stricto (cluster 1)
was found to dominate kunu of formulations C (Figure 6C).
In formulation A, Acetobacter, Brevundimonas, Clostridium,
Delftia, Devosia, Elizabethkingia, Enterobacter, Lactobacillus,
Lactococcus, Leuconostoc, Pediococcus, Propionibacterium,
Pseudomonas, Staphylococcus, Streptococcus, and Weissella
each constituted at least 5% relative abundance in at least one
processing stage (Figure 6A). In formulation B, Lactobacillus,
Lactococcus, Acetobacter, Burkholderia/Paraburkholderia,
Weissella, Enterobacter, Clostridium sensu stricto (cluster
1), Sphingobacterium, Acinetobacter, and Pseudomonas
each constituted at least 5% relative abundance in at
least one processing stage (Figure 6B). In formulation
C, Burkholderia/Paraburkholderia, Clostridium sensu
stricto (cluster 1), Enterobacter, Lactobacillus, Lactococcus,
Pediococcus, Streptococcus, and Weissella each constituted
at least 5% relative abundance in at least one processing
stage (Figure 6C). Across formulations, some genera
which constituted at least 1% (but less than 5%) relative
abundance (Figures 6A–C) and whose species have potential
roles in food fermentations include Gluconobacter and
Gluconacetobacter.
Bacterial succession pattern was observed at the fermentation
stages of all the kunu formulations. For formulation A,
Pediococcus (67.5%) dominated the initial fermentation (0 h)
(Figure 6A), while Clostridium (35.6%) and Enterobacter
(33.8%) dominated at 6 h and Lactobacillus (68.9%) at 12 h
fermentation. In contrast, Weissella dominated the initial
fermentation (97.3%) and mid-stream (6 h) fermentation
(32.9%) in formulation B while Acinetobacter (12.8%),
Sphingobacterium (14.6%), Pseudomonas (11.5%) and
Enterobacter (8.7%) were the relatively more abundant
phylotypes in the final fermentation (12 h) stage of the same
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FIGURE 4 | Principal coordinate analysis (PCoA) Biplot of Bray-Curtis Dissimilarity between operational taxonomic units of different kunu formulations.
(A) Unweighted (presence/absence of OTUs). (B) Weighted (presence/absence and relative abundance of OTUs). Dotted lines red, green and blue show distance of
every sample to formulation A, formulation B, and formulation C group centroid, respectively. PCoA was constructed using the ‘ape’ package of R software.
Bray-Curtis dissimilarity is a statistic used to estimate differences in the composition of species between two or more sites/samples based on counts.
formulation (Figure 6B). On the other hand, in formulation C,
Lactobacillus spp. dominated all the three stages of fermentation
(Figure 6C).
A total of 35 OTUs, comprising 16 phylotypes (at the
genus taxonomic rank) were common to all processing stages
and formulations (Figure 7). These “shared phylotypes” were
dominated by Lactobacillus spp. (17%). Other shared phylotypes
included species of Enterobacter, Gluconacetobacter Lactobacillus,
Lactococcus, Leuconostoc, Pediococcus, and Weissella.
Multiple Mycotoxins in Kunu
Formulations
Occurrence of Mycotoxins in the Ingredients (Grains
and Additives)
A total of 10 mycotoxins were found in the ingredients
used for processing the three kunu formulations (Table 2).
Aflatoxins were found in almost all grains (except the white
sorghum variety) and additive. Only the B-aflatoxins were
detected in the grains. The mean levels of aflatoxin B1
(AFB1) were higher in red sorghum (113 µg/kg), peanut
(51.5 µg/kg), and tiger nut (26.1 µg/kg) compared to millet
(0.67 µg/kg), while almost similar mean concentrations of
AFB2, 6.56 and 9.27 µg/kg, were quantified in peanut and
red sorghum, respectively. AFM1 was detected in peanut and
red sorghum at mean concentrations of 1.7 and 4.22 µg/kg,
respectively, while citrinin (CIT) was only quantified in millet
at mean concentration of 5.64 µg/kg. The concentrations
of aflatoxicol, alternariol (AOH), alternariolmethylether
(AME), and beauvericin (BEAU) in grains did not exceed
5 µg/kg. In contrast, the concentrations of 3-Nitropropionic
acid (3-NPA) were very high in peanut (1121 µg/kg) and
red sorghum (936 µg/kg). Moniliformin (MON) levels
were higher in millet (68.7 µg/kg) and white sorghum
(44.2 µg/kg) than in red sorghum (2.93 µg/kg) and peanut
(1.42 µg/kg).
Changes in Mycotoxin Levels During
Processing of the Three Kunu
Formulations
The distribution of mycotoxin concentration data were
normalized by logarithmic (Log10) transformation. The value “1”
was first added to the mycotoxin concentration in a sample, and
then the resulting value was transformed to give the data reported
in Figure 8. Estimates of percentage reduction of mycotoxins
due to processing were based on percentage differences between
mycotoxin levels in the raw grains and processing steps and kunu
(Okeke et al., 2015). The changes in mycotoxin concentrations
during processing of kunu formulation A is shown in Figure 8A.
Steeping and milling of the raw grains caused a reduction below
the detectable limits of 3-NPA, AFB2, AFM1, aflatoxicol, AOH,
AME, BEAU and CIT levels in the milled grains, as well as
99.5% and 95.2% reduction of AFB1 and MON contents of the
raw grains from 52.2 and 114 µg/kg to 0.25 and 5.53 µg/kg,
respectively, in the milled grains (Figure 8A). The residual AFB1
and MON levels in the milled grains were further reduced to
undetectable levels in the cooled gruel. The milled additives
re-introduced all the 10 mycotoxins into the beverage process
system at varying levels (Figure 8A). However, the fermentation
stage caused complete reduction of 3-NPA, aflatoxicol, AFB2,
AFM1, BEAU and MON to undetectable levels in the kunu
product. Although AFB1, CIT and AOH were also not found in
kunu of formulation A, about 2, 26, and 32% of the respective
26.5, 6.79, and 2.26 µg/kg in the milled additives were residual
in the pomace (a bye-product of kunu processing; please see
Figure 1). Only 9% of 3.5 µg/kg AME in the milled additives was
carried over into the kunu (Figure 8A).
Frontiers in Microbiology | www.frontiersin.org 8 January 2019 | Volume 9 | Article 3282
fmicb-09-03282 January 2, 2019 Time: 18:19 # 9
Ezekiel et al. Bacterial Communities and Mycotoxins During Kunu Processing
FIGURE 5 | Relative abundance of classifiable OTUs at the phylum taxonomic rank. (A) Formulation A (B) Formulation B (C) Formulation C. OTUs not assigned to a
phylum taxonomic rank are excluded from the bar plot.
Only five of the 10 mycotoxins present in the ingredients
were detected during the processing of formulation B kunu
(Figure 8B). 3-NPA, AFB1 and MON were not detected in
the kunu despite their occurrence at different processing steps.
For 3-NPA and MON, at least 75% of the levels in the raw
grains (10.8 and 106 µg/kg, respectively) were quantified in
the steep liquor. About 9% (0.43 µg/kg) of the BEAU in the
ingredients (4.97 µg/kg) and 40% of CIT in the milled grains
(4.32 µg/kg) were carried over into kunu (Figure 8B). During
the processing of kunu formulation C (Figure 8C), steeping
and milling of the raw grains as well as the fermentation stage
resulted in reduction of the concentrations of 3-NPA, AFB1,
AFB2, AFM1, aflatoxicol, AOH and AME to undetectable levels.
In addition, 16% (0.45 µg/kg) of the BEAU in the ingredient
(milled grains and additives; 2.91 µg/kg) was carried over to
kunu, with the sieving step removing the remainder portion of
the toxin (Figure 8C). No detectable levels of the 8.7 µg/kg of
CIT and 52.3 µg/kg of MON inputted into the processing system
by the grains and additives were found in the kunu. However,
significant reduction of MON and CIT were accomplished by
the steeping and fermentation stages, respectively. Sieving also
contributed to further reduction of CIT levels (Figure 8C).
DISCUSSION
This study reports, for the first time, on the application
of HTS in the delineation of bacterial community structure
during processing of kunu vis-a-vis changes in mycotoxin
concentrations. Overall, this study clearly indicates the core
bacterial communities and succession during the various stages
of processing of three formulations of kunu, and the possible
role of the microbial communities in reducing the mycotoxin
levels (from ingredients to the final kunu product) irrespective
of formulations.
The high number of OTUs (species richness) obtained during
the steeping stage of the various kunu formulations suggests
a rich genetic diversity of bacteria in the grains. Although
potable tap water used for the steeping was not evaluated
independently for microbial diversity, it is also likely that potable
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FIGURE 6 | Relative abundance of classifiable OTUs with at least 1% relative abundance at the genus taxa level. Family names are shown where OTUs are
unclassifiable at the genus level. (A) Formulation A. (B) Formulation B. (C) Formulation C. OTUs not classifiable to genus taxonomic rank were excluded from the bar
plot.
water contributed to the species diversity at the steeping stage.
Furthermore, this observation of high species richness may
be due to the stepping environment and duration serving as
a broth and permitting the proliferation, respectively, of the
autochthonous microbial species. Similar observations of diverse
bacteria occurring during the steeping of raw grains for kunu-zaki
production were suggested in previous studies (Efiuvwevwere
and Akona, 1995; Gaffa and Gaffa, 2004). The high number
of OTUs in formulations A and C, and shared OTUs between
these two kunu formulations in contrast to the relatively lower
number of OTUs obtained for the formulation B could be
attributed to the composition of ingredients used for the various
formulations: only formulations A and C contained tiger nut.
This observation suggests that tiger nut may serve as the source
of the additional OTUs in formulations A and C. Tiger nut grows
underground and has been reported to harbor a plethora of
microbiota consequent on its direct interaction (not enclosed in
pods) with the soil environment (Ayeh-Kumi et al., 2014; Gambo
and Da’u, 2014; Ike et al., 2017).
Herein, we put forward some hypotheses to explain the
observed changes in OTU richness between successive stages
of kunu processing. The lower OTU richness observed in the
milled grains in comparison to OTU richness in steep liquor
could be attributed to the fact that during the overnight steeping,
bacterial species associated with the grains and steep water
proliferate, giving rise to a fermented broth—the steep liquor
(usually with bubbles or foams due to CO2 release observed).
Since this fermented broth (or steep liquor) are decanted and
discarded before subsequent washing of the steeped grains, a
large number of species present in the steep liquor are not
carried over to the milling stage. Furthermore, since the steep
liquor is not used in subsequent processing step, the OTUs
detected in the milled grains are likely those that are within
the grains, OTUs not completely eliminated during washing
of the steeped grains, and/or any OTUs introduced by chance
contamination during milling of the grains. Hence, the milled
grain is expected to contain significantly lower species than
the steep liquor as observed in all formulations. Between the
milled grains and onset of fermentation, a reduction in OTUs
was observed. This relatively low OTU diversity observed at the
0 h fermentation time compared to the pre-gelatinization stage
in all the kunu formulations is attributable to the hot water
(100◦C) treatment during the preceding gelatinization of the
milled grains. Certainly, such heat treatment will have at least a
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FIGURE 7 | Shared phylotypes (genus taxa level) between all processing
stages of kunu formulations. OTUs unclassified at genus taxa level are
excluded from the plot. Pie slices indicate relative abundance of individual
phylotypes in the dataset. Shared phylotypes were computed using the
“shared_phylotypes.py script in QIIME software.
bacteriostatic (if not significantly bactericidal) effect on most of
the indigenous microbiota, consequently contributing to reduced
species diversity (Russell, 2003). In a study by Akharaiyi and
Omoya (2008), following heat treatment of fermented maize (ogi)
at 100◦C, the total viable count of microorganisms drastically
reduced to minimal levels. Despite expected increase in species
after the addition of the un-heated 1/3 portion, the restoration of
species richness to the pre-gelatinization state may have not been
detected due to dilution effect thereby resulting in a lower chance
of species (or their DNA) recovery during DNA extraction. Bias
in the efficiency of recovery and detection of rare species is a well-
known limitation of metagenomics approaches (Wooley and Ye,
2010; Breitwieser et al., 2017).
During the fermentation stage, an increase in OTUs was
observed between the onset and first 6 h of fermentation. Kunu
fermentation is a lactic acid fermentation type, with initial
slightly acidic pH of about 6.0 (Gaffa and Gaffa, 2004), which
gradually reduces to an acidic pH of about 4.76 (Gaffa and Gaffa,
2004) at the end of 12 h and then to 3.0 in the kunu product
(Efiuvwevwere and Akona, 1995; Gaffa et al., 2002; Adelekan
et al., 2013). Increase in acidity is a selective pressure on the
microbial community during fermentation (Wolfe and Dutton,
2015; Zabat et al., 2018). We hypothesize that the observed
increase in OTUs between the first 6 h was due to the moderate
pH and other favorable conditions (e.g., temperature, oxygen
availability, absence of growth inhibition metabolites) during this
period, permitting the growth of species which were suppressed
by the heat treatment in the gelatinization stage (Yang et al.,
2016). However, as the pH further decreases (selection pressure)
toward the end of fermentation (at 12 h), only adapted species
(mostly lactic acid bacteria) proliferate (Gaffa and Gaffa, 2004).
Hence, a reduction (compared to at 6 h) in OTU diversity
at the end of fermentation was observed in formulations A
and C. In contrast, an increase in OTU richness was observed
between the 6 and 12 h of fermentation in formulation B.
The reason for this observation may be due to the presence
of sweet potato and the absence of tiger nut in formulation B
compared to formulations A and C. Difference in substrate types
influences the genetic and functional diversity and dynamics
of bacteria during fermentation, and also play a role in the
equilibrium of biochemical reactions and conditions (e.g., pH,
oxygen availability, redox reactions, enzymatic activities, and
temperature) during fermentation (Giraffa, 2004; Ijabadeniyi,
2007; Van der Meulen et al., 2007). Furthermore, the observed
general reduction in OTUs after the sieving step may be attributed
to the removal of a large number of species in the pomace; the
pomace contains fibrous material which provides a larger surface
area for the adhesion of microorganisms compared to the liquid
kunu fraction.
In view of the afore discussions on OTU diversity, the
trend in numbers of OTUs obtained from the mid-stream
(6 h) fermentation stage up to the final product stage for
the formulations suggests the proliferation of adapted (after
heat treatment) functional species (key drivers of biochemical
conversions of macromolecules in the fermenting substrate)
TABLE 2 | Mycotoxin levels in grains and nuts for kunu formulation.
Mycotoxins Limit of detection (µg/kg) Mycotoxin concentrations (µg/kg) ± standard deviation1
Peanut Millet White sorghum Red sorghum Tiger nut
3-Nitropropionic acid 0.8 nd 4.15 ± 0.61 0.28 ± 0.01 nd 0.25 ± 0.02
Aflatoxin B1 0.24 1121 ± 231 10.8 ± 0.01 nd 936 ± 514 9.97 ± 0.50
Aflatoxin B2 0.4 3.69 ± 1.52 nd nd 4.12 ± 1.81 1.68 ± 0.02
Aflatoxin M1 0.4 51.5 ± 20.1 0.67 ± 0.01 nd 113 ± 34.2 26.1 ± 0.40
Aflatoxicol 1 6.56 ± 0.93 nd nd 9.27 ± 1.20 2.50 ± 0.01
Alternariol 0.4 nd 1.89 ± 0.61 nd nd 5.64 ± 0.40
Alternariolmethylether 0.032 1.42 ± 1.19 44.2 ± 20.4 68.7 ± 13.7 2.93 ± 0.28 5.06 ± 0.20
Beauvericin 0.008 3.35 ± 0.07 nd 0.61 ± 0.04 nd 1.73 ± 0.20
Citrinin 0.16 1.71 ± 1.41 nd nd 4.22 ± 2.11 0.82 ± 0.00
Moniliformin 1.6 3.60 ± 0.11 nd nd nd 1.51 ± 0.10
1Standard deviation from the mean (number of samples = 3). nd, not detected.
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FIGURE 8 | Changes in mycotoxin levels during the processing of three kunu formulations (A: kunu made from millet, white sorghum, peanut, cloves, ginger, and
tiger nut; B: kunu from millet, white sorghum, cloves, ginger, and sweet potato; C: kunu made from millet, red sorghum, cloves, ginger, and tiger nut).
and development of a climax/streamlined bacterial community
observed in the kunu product. The associations observed between
the bacterial community structure (as indicated by the ordination
plots) of processing stages and/or different formulations suggest
that, indeed, ingredients and processing steps influence microbial
community composition and dynamics.
Taxonomically, the Firmicutes was the dominant phylum
during most of the kunu processing stages and in the final
product. Also, similar to observations of several culture-
dependent microbiological studies on kunu (Efiuvwevwere
and Akona, 1995; Gaffa and Gaffa, 2004; Osuntogun and
Aboaba, 2004) and a culture-independent study of retailed
kunu (Oguntoyinbo et al., 2011), lactic acid bacteria (LAB)
were generally dominant during various processing stages of
the three kunu formulations. With this finding, the dominant
role of LAB during kunu production becomes more obvious
and explanations for the acidic pH of kunu reported in earlier
studies become clearer (Efiuvwevwere and Akona, 1995; Gaffa
et al., 2002; Adelekan et al., 2013). In particular, Lactobacillus
spp. was the most dominant of the LAB species in most of
the fermentation stages of all three formulations and in kunu
of most formulations. Similar observation for the dominance
of Lactobacillus spp. in kunu-zaki was reported by Inyang and
Dabot (1997) and Oguntoyinbo and Narbad (2012). The high
occurrence of Lactobacillus in these formulations suggests that
Lactobacillus spp. play a vital role during kunu processing
and further adds to the growing scientific evidence on the
predominance of this bacteria during processing of cereal-based
fermented products such as ogi (Oguntoyinbo et al., 2011; Okeke
et al., 2015), boza (Gotcheva et al., 2000), and bushera (Muyanja
et al., 2003). In addition, Lactobacillus spp. are multifunctionally
diverse, including many species with probiotic properties (Sanni
et al., 2013; Oh et al., 2018) and physiological capabilities for
the breakdown of complex polysaccharides in human and animal
diets (Barrangou et al., 2006); thus, they could be a reason for
some of the nutritional and health benefits generally associated
with kunu consumption (Omakwu, 1980; Efiuvwevwere and
Akona, 1995).
In contrast to the general assertions that the microbial
community of kunu is dominated by Lactobacillus, Clostridium
sensu stricto (cluster 1) dominated bacterial community of kunu
product in formulation C. Although species of Clostridium
have been previously reported in some kunu variety (e.g.,
kunu-zaki) (Oguntoyinbo et al., 2011), this is the first report
associating the Clostridium sensu stricto (cluster 1) group with
kunu as well as the dominance of the cluster. Until recently, the
phylogenetic differentiation (and hence taxonomic classification)
of some species within the Clostridium sensu stricto from other
Clostridium species has been unclear, making their functional
role in human diet and health, as well as in food fermentations
unclear (Collins et al., 1994; Wiegel et al., 2006; Gupta and Gao,
2009; Kaur et al., 2014). A few species in the Clostridium sensu
stricto cluster are being reclassified and functionally annotated
(Wiegel et al., 2006; Gupta and Gao, 2009; Lopetuso et al., 2013;
Yutin and Galperin, 2013). In fact, there is growing scientific
evidence for their association with the human gut (Magne et al.,
2006; Jacquot et al., 2011) and potential applications as hetero-
fermenters in food fermentations and industry (Wiegel et al.,
2006). Based on the findings of the study, kunu is a suitable
source for the targeted isolation of species of the Clostridium
sensu stricto (cluster 1) group. Subsequently, studies may explore
the functional and metabolic traits of these species in kunu as well
as their suitability as starter cultures for kunu fermentation or
other cereal-based fermented beverages. Similarly, Acetobacter,
Gluconobacter, Gluconacetobacter and Propionibacterium genera
were present during kunu processing, especially in the steeped
grains. To the best of our knowledge these species have not
been previously reported in the microbiology of kunu processing.
Acetobacter, Gluconobacter and Gluconacetobacter are acetic
acid fermenters that have relevant industrial usefulness due
to their ability to convert several sugars and alcohols into
industrially important organic acids (e.g., vinegar) (Gupta et al.,
2001; Sengun and Karabiyikli, 2011; Mamlouk and Gullo,
2013). Acetobacter have been identified in other cereal-based
fermented foods such as burukutu, a fermented traditional
sorghum-based beer (Oguntoyinbo, 2014), while Gluconobacter
and Gluconacetobacter are associated with acidic beers (Bokulich
and Bamforth, 2013; Mamlouk and Gullo, 2013; Spitaels et al.,
2014a). Conversely, Propionibacterium is mainly associated with
dairy and fermented dairy products (Moslemi et al., 2016), with
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some species being able to improve the probiotic properties of
lactic acid bacteria when incorporated into the vegetables during
the production (fermentation) of sauerkraut and other vegetable
salads (Babuchowski et al., 1999).
The succession in specific taxa during the processing of kunu
formulations elucidate functional roles of the dominant species
at specific time points as well as their adaptation to the prevailing
fermentation conditions. The observation of a streamlined and
relatively dominant community of lactic acid bacteria, including
species of Lactobacillus, Lactococcus, Leuconostoc, Pediococcus,
Weissella and possibly species within the Clostridium sensu
stricto clusters, toward the end of fermentation and in the
final kunu product is related to their adaptation to the acidity
pH of kunu fermentation which is expected as they are the
drivers of the biochemical reactions and generators of lactic
acid during the process (Gaffa and Gaffa, 2004; Amadou et al.,
2011; Oguntoyinbo et al., 2011; Oguntoyinbo, 2014). As discussed
earlier, these species are the drivers of the fermentation and are
involved in the metabolic interconversions during fermentation
as well as instigators of the selective pressure predisposing
succession patterns in species/OTU diversity observed during the
fermentation stages of kunu processing.
In the present study, several phylotypes common to all
processing stages and final product of all formulations were
identified. These common (or shared) phylotypes may constitute
the core bacterial diversity of kunu production. The occurrence of
these phylotypes throughout the fermentation stages and among
all formulations suggest their key roles in kunu fermentation
and earmark them as potential starter cultures for kunu
processing. Some of these shared phylotypes, including species
of Enterobacter, Gluconacetobacter, Lactobacillus, Leuconostoc
Pediococcus and Weissella, have been previously reported in
kunu (Amusa and Odunbaku, 2009; Nwachukwu et al., 2010;
Oguntoyinbo et al., 2011), lactic acid-fermented west African
cereal-based beverages such as ogi, koko, and akasa(Adebayo-
tayo and Onilude, 2008; Oguntoyinbo, 2014; Okeke et al.,
2015), cocoa fermentation (Nielsen et al., 2007), Spanish farm
cheese (Abriouel et al., 2008) and suan-tsai (fermented mustard)
from Taiwan (Chao et al., 2009). The role of these core
microbiota during the fermentation of kunu may include
the breakdown complex polysaccharides into simpler useful
monomers (e.g., mannitol, a low-calorie sugar) (Hemme and
Foucaud-Scheunemann, 2004; Ozogul and Hamed, 2018) and
generation of aroma compounds that impact characteristic flavor
to fermented food products. Some of these species, for example
Leuconostoc spp., may also synthesize antibacterial compounds
such as bacteriocins (Sawa et al., 2010) that help to eliminate
pathogenic bacteria during fermentation or in the fermented food
product (Ozogul and Hamed, 2018). The possible production
of these useful chemical compounds by these species and
other known beneficial/probiotic species found in the kunu
samples, further underlines the health benefits associated with
kunu consumption. Similarly, Enterobacter hormaechei have been
previously reported during processing of fermented products
such as lambic beer (Spitaels et al., 2014b) and inyu, a fermented
black bean sauce (Wei et al., 2013). Also, strains of E. hormaechei
are known to produce food additives and stabilizers such as
trehalose (Richards et al., 2002). However, some E. hormaechei
strains can cause infections in humans (Davin-Regli et al., 1997).
Certainly, isolation and whole genome sequencing of some E.
hormaechei strains associated with kunu processing may help
elucidate its direct role (beneficial or pathogenicity) in this
traditional beverage. As earlier mentioned, Gluconacetobacter is
an acetic acid bacterium; however, its role in food fermentation
is not yet completely understood. It has been associated with
traditional balsamic vinegar (Gullo et al., 2006), however,
Gluconacetobacter is also regarded as a spoilage organism in
acidic beer (Bokulich and Bamforth, 2013; Mamlouk and Gullo,
2013). Nonetheless, the role of species of Gluconacetobacter
during kunu processing could be a possible involvement in
the oxidation of ethanol to acetic acid (Gomez-Manzo et al.,
2010).
It is obvious from this study that the grains used for producing
the various formulations of kunu were contaminated with
different concentrations of several mycotoxins, albeit at levels
that were lower than typical levels in maize batches applied to
production of traditional fermented beverages in SSA (Okeke
et al., 2015; Ogara et al., 2017; Ezekiel et al., 2018). Mycotoxin
contamination of millet, sorghum, peanut and tiger nut have
been previously reported in Nigeria (Adebajo, 1993; Makun et al.,
2007, 2009; Rubert et al., 2013; Oyedele et al., 2017) and the
associated public health concerns with such contaminations are
well documented. A worrisome finding is the detection of all 10
mycotoxins in tiger nut; this suggests that tiger nut contributes
significantly to the levels of mycotoxins during kunu processing.
The AFB1 level in tiger nut was about 13 times higher than
2 µg/kg; this is of concern because tiger nut is not only applied
as an ingredient during kunu production but also popularly
consumed as snacks (Belewu and Abodunrin, 2006; Gambo and
Da’u, 2014). Thus, extracting the juice from this nut before
adding it as ingredients during kunu processing and discarding
the bran (Olaoye et al., 2015) could be explored to lower the
mycotoxin contribution from this ingredient. A safer option is
to exclude tiger nut from the list of ingredients intended for kunu
processing and replace it with coconut or bambara nut. This is
in view of the frequent feeding of kunu to young children as a
complementary beverage in some parts of Nigeria (Olaoye et al.,
2015).
Aside quantifying the mycotoxin levels in the ingredients,
one main objective of the mycotoxin aspect of this study was to
determine whether toxins present in the ingredients used for the
various kunu formulations will be reduced and to what extent in
the final product. This point was clearly established in this study
as concentrations of all the mycotoxins reported in this study
were reduced to non-detectable levels in the kunu irrespective
of the formulations, except for AME, BEAU and CIT which
retained very minimal levels (<2 µg/kg) in the final product
of the various formulations. The findings of this study agree
with previous reports that suggested that traditional processing
significantly reduced the levels of mycotoxins in fermented
foods and the extent of reduction depends on the mycotoxin
content of grain inputs (Ezekiel et al., 2015; Okeke et al.,
2015, 2018). The data on changes in mycotoxin levels during
processing of the kunu indicated that steeping of the grains
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contributed the most to reducing several of the mycotoxins.
This observation may be substantiated by the diverse phylotypes
and high number of OTUs observed at this processing
stage. During steeping, diverse bacterial genera were observed
including those previously reported to be associated with various
mechanisms of mycotoxin reduction (Shetty and Jespersen,
2006; Adebo et al., 2015); although in this study we did
not search for the degradation products of the mycotoxins
that were reduced. A further reduction of the contents of
many of the mycotoxins was observed during the fermentation
stage, and microbial data suggest community succession and
competitive exclusion of species leading toward the development
of a climax community. Lactic acid fermentation has been
reported to play a significant role in mycotoxin reduction
because the microbiota in the fermenting substrate could
either bind mycotoxins to their cell wall (Byun and Yoon,
2003; Oluwafemi and Da-Silva, 2009; Huang et al., 2017) or
degrade/biotransform them (Shetty and Jespersen, 2006; Adebo
et al., 2015). Aside fermentation, simple dilution that occurs
during the gelatinization step and sieving were also useful
to reduce the levels of some of the mycotoxins as has been
previously reported (Okeke et al., 2018).
In summary, our study indicates that the processing of kunu
is mediated by several core bacterial phylotypes dominated
by members of the LAB, although acetic acid bacteria and
other bacteria with unknown functional roles constitute the
core bacterial community. We have also further established
that kunu could be a safe beverage for consumption in
terms of mycotoxin contents depending on the grain inputs.
Thus, we propose the combination of millet, white sorghum,
cloves, ginger and sweet potato, which are usually minimally
contaminated by mycotoxins, as possible combination of grains
and additives for kunu production. This proposal will help to
minimize mycotoxin exposure in consumers. In addition, the
aforementioned ingredients could be supplemented with some
underutilized crops (e.g., Bambara nut, coconut, finger millet
(acha) and sesame seed) that may be less prone to mycotoxins.
The extract from tiger nut may be more useful compared to
the whole tiger nut; this will further reduce mycotoxin exposure
while enhancing nutritional content and imparting additional
flavor. Furthermore, it is imperative to source high quality grains
and apply simple first-line grain processing interventions (e.g.,
sorting and floatation washing) to keep mycotoxin levels in the
starting materials at the barest minimum in order to encourage a
further mycotoxin reduction to non-detectable/safe limits in the
final kunu product. There is a need to explore the core phylotypes
reported in this study by isolating and ascertaining their probiotic
properties and suitability as starters for up-scaling of some of the
cereal-based traditional fermented foods. This study has further
laid the foundation for the potential discovery of novel mycotoxin
detoxifiers from kunu. Overall, the data provided herein are
highly relevant to experts in the food microbiology and safety,
food processing and technology, microbial ecology and molecular
biology horizons.
AUTHOR CONTRIBUTIONS
CNE conceived the study. CNE, MS, OO, RA, CN, and RK
designed the study. IC-O, KA, OO, OA, OE, CNE, and MS
performed the experiments in Nigeria, South Africa, and Austria.
MS, OE, DvW, CNE, and KA analyzed the data. CNE, CN, RA,
JH, CTE, and RK supervised the overall study. KA, OE, DvW, and
CNE drafted the manuscript. All authors reviewed and approved
the manuscript.
FUNDING
The mycotoxin aspect of this study was supported by the
European Union’s Horizon 2020 Research and Innovation
Program [Grant Agreement No. 692195 (MultiCoop)] while the
microbial community analysis was supported by the National
Research Foundation of South Africa (Grant Unique Identifier
116251).
ACKNOWLEDGMENTS
The authors sincerely thank Iviwe Notununu and members of the
Microbiology and Environmental Biotechnology Research Group
of ARC-ISCW for assisting with the molecular aspect of the study.
REFERENCES
Aboh, M. I., and Oladosu, P. (2014). Microbiological assessment of kunu-zaki
marketed in abuja municipal area council (AMAC) in the federal capital
territory (FCT), Nigeria. Afr. J. Microbiol. Res. 8, 1633–1637. doi: 10.5897/
AJMR2013.5779
Abriouel, H., Martin-Platero, A., Maqueda, M., Valdiva, E., and Martinez-
Bueno, M. (2008). Biodiversity of the microbial community in a Spanish farm
cheese as revealed by culture-dependent and culture-independent methods. Int.
J. Food Microbiol. 127, 200–208. doi: 10.1016/j.ijfoodmicro.2008.07.004
Adebajo, L. O. (1993). Survey of aflatoxins and ochratoxin a in stored tubers of
Cyperus esculentus L. Mycopathologia 124, 41–46. doi: 10.1007/BF01103055
Adebayo-tayo, B. C., and Onilude, A. A. (2008). Screening of lactic acid bacteria
strains isolated from some Nigerian fermented foods for EPS production. World
Appl. Sci. J. 4, 741–747.
Adebo, O. A., Njobeh, P. B., Gbashi, S., Nwinyi, O. C., and Mavumengwana, V.
(2015). Review on microbial degradation of aflatoxins. Crit. Rev. Food Sci. Nutr.
57, 3208–3217. doi: 10.1080/10408398.2015.1106440
Adelekan, A. O., Alamu, A. E., Arisa, N. U., Adebayo, Y. O., and Dosa, A. S.
(2013). Nutritional, microbiological and sensory characteristics of malted soy-
kunu zaki: an improved traditional beverage. Adv. Microbiol. 3, 389–397. doi:
10.4236/aim.2013.34053
Adetunji, M., Atanda, O., Ezekiel, C. N., Sulyok, M., Warth, B., Beltran, E., et al.
(2014). Fungal and bacterial metabolites of stored maize (Zea mays L.) from
agro-ecological zones of Nigeria. Mycotoxin Res. 30, 89–102. doi: 10.1007/
s12550-014-0194-2
Adeyemi, L., and Umar, S. (1994). Effect of method of manufacture on quality
characteristics of kunu zaki. Nig. Food J. 12, 34–40.
Afolabi, C. G., Ezekiel, C. N., Kehinde, I. A., Olaolu, A. W., and Ogunsanya, O. M.
(2015). Contamination of groundnut in South-western Nigeria by aflatoxigenic
Frontiers in Microbiology | www.frontiersin.org 14 January 2019 | Volume 9 | Article 3282
fmicb-09-03282 January 2, 2019 Time: 18:19 # 15
Ezekiel et al. Bacterial Communities and Mycotoxins During Kunu Processing
fungi and aflatoxins in relation to processing. J. Phytopathol. 163, 279–286.
doi: 10.1111/jph.12317
Akharaiyi, F. C., and Omoya, F. O. (2008). Effect of processing methods on the
microbiological quality of liquid pap ogi prepared from maize. Trends Appl. Sci.
Res. 3, 330–334. doi: 10.3923/tasr.2008.330.334
Amadou, I., Gbadamosi, O., and Le, G. (2011). Millet-based traditional processed
foods and beverages—a review. Cereal. Foods World 56, 115–121. doi: 10.1094/
CFW-56-3-0115
Amusa, N. A., and Odunbaku, O. A. (2009). Microbiological and nutritional quality
of hawked kunun (a sorghum based non-alcoholic beverage) widely consumed
in Nigeria. Pak. J. Nutr. 8, 20–25. doi: 10.3923/pjn.2009.20.25
Ayeh-Kumi, P. F., Tetteh-Quarcoo, P. B., Duedu, K. O., Obeng, A. S., Addo-
Osafo, K., Mortu, S., et al. (2014). A survey of pathogens associated with Cyperus
esculentus (tiger nuts) tubers sold in a Ghanaian city. BMC Res. Notes 7:343.
doi: 10.1186/1756-0500-7-343
Babuchowski, A., Laniewska-Moroz, L., and Warminska-Radyko, I. (1999).
Propionibacteria in fermented vegetables. Le Lait 79, 113–124. doi: 10.1051/lait:
199919
Badifu, G. I. C., Anuonye, J. C., and Inyang, C. U. (1999). Development and
stability of spiced soy-millet and flour for the preparation of soy kunu zaki (a
non-alcoholic beverage). J. Appl. Sci. Manag. 2, 93–97.
Barrangou, R., Azcarate-Peril, M. A., Duong, T., Conners, S. B., Kelly, R. M.,
and Klaenhammer, T. R. (2006). Global analysis of carbohydrate utilization
by Lactobacillus acidophilus using cDNA microarrays. PNAS 103, 3816–3821.
doi: 10.1073/pnas.0511287103
Belewu, M. A., and Abodunrin, O. A. (2006). Preparation of kunnu from
unexploited rich food source: tiger nut (Cyperus esculentus). World J. Diary
Food Sci. 1, 19–21.
Bokulich, N. A., and Bamforth, C. W. (2013). The microbiology of malting and
brewing. Microbiol. Mol. Biol. Rev. 77, 157–172. doi: 10.1128/MMBR.00060-12
Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible
trimmer for illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/
bioinformatics/btu170
Breitwieser, F. P., Lu, J., and Salzberg, S. L. (2017). A review of methods and
databases for metagenomic classification and assembly. Brief Bioinformatics
doi: 10.1093/bib/bbx120 [Epub ahead of print].
Byun, J. R., and Yoon, Y. H. (2003). Binding of aflatoxin G1, G2 and B2 by
probiotic Lactobacillus spp. Asian-Australas. J. Anim. Sci. 16, 1686–1689. doi:
10.5713/ajas.2003.1686
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D.,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.
303
Chao, S. H., Wu, R.-J., Watanabe, K., and Tsai, Y.-C. (2009). Diversity of lactic
acid bacteria in suan-tsai and fu-tsai, traditional fermented mustard products
of Taiwan. Int. J. Food Microbiol. 135, 203–210. doi: 10.1016/j.ijfoodmicro.2009.
07.032
Cocolin, L., and Ercolini, D. (2015). Zooming into food-associated microbial
consortia: a ‘cultural’ evolution. Curr. Opin. Food Sci. 2, 43–50. doi: 10.1016/
j.cofs.2015.01.003
Collins, M. D., Lawson, P. A., Willems, A., Cordoba, J. J., Fernandez-Garayzabal, J.,
Garcia, P., et al. (1994). The phylogeny of the genus Clostridium: proposal of
five new genera and eleven new species combinations. Int. J. Syst. Bacteriol. 44,
812–826. doi: 10.1099/00207713-44-4-812
Davin-Regli, A., Bosi, C., Charrel, R., Ageron, E., Papazian, L., Grimont, P. A. D.,
et al. (1997). A nosocomial outbreak due to Enterobacter cloacae strains with
E. hormaechei genotype in patients treated with fluoroquinolones. J. Clin.
Microbiol. 35, 1008–1010.
Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 26, 2460–2461. doi: 10.1093/bioinformatics/btq461
Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics
27, 2194–2200. doi: 10.1093/bioinformatics/btr381
Efiuvwevwere, B. J., and Akona, O. (1995). The microbiology of kunu-zaki, a cereal
beverage from northern Nigeria, during fermentation (production) process.
World J. Microbiol. Biotechnol. 11, 491–493. doi: 10.1007/BF00286358
Ezekiel, C. N., Abia, W. A., Ogara, I. M., Sulyok, M., Warth, B., and Krska, R.
(2015). Fate of mycotoxins in two popular traditional cereal-based beverages
(kunu-zaki and pito) from rural Nigeria. LWT Food Sci. Technol. 60, 137–141.
doi: 10.1016/j.lwt.2014.08.018
Ezekiel, C. N., Ayeni, K. I., Misihairabgwi, J. M., Somorin, Y. M., Chibuzor-
Onyema, I. E., Oyedele, O. A., et al. (2018). Traditionally processed beverages in
Africa: a review of the mycotoxin occurrence patterns and exposure assessment.
Compr. Rev. Food Sci. Food Saf. 17, 334–352. doi: 10.1111/1541-4337.12329
Ezeokoli, O. T., Adeleke, R. A., and Bezuidenhout, C. C. (2018). Core
bacterial community of soy-daddawa: insights from high-throughput DNA
metabarcoding. LWT Food Sci. Technol. 97, 61–66. doi: 10.1016/j.lwt.2018.06.
039
Ezeokoli, O. T., Gupta, A. K., Mienie, C., Popoola, T. O. S., and Bezuidenhout,
C. C. (2016). PCR-denaturing gradient gel electrophoresis analysis of microbial
community in soy-daddawa, a Nigerian fermented soybean (Glycine max (L.)
merr.) condiment. Int. J. Food Microbiol. 220, 58–62. doi: 10.1016/j.ijfoodmicro.
2016.01.003
Franzosa, E. A., Hsu, T., Sirota-Madi, A., Shafquat, A., Abu-Ali, G., Morgan,
X. C., et al. (2015). Sequencing and beyond: integrating molecular ‘omics’ for
microbial community profiling. Nat. Rev. Microbiol. 13, 360–372. doi: 10.1038/
nrmicro3451
Gaffa, T., and Ayo, J. A. (2002). Innovations in the traditional kunun-zaki
production process. Pak. J. Nutr. 1, 202–205. doi: 10.3923/pjn.2002.202.205
Gaffa, T., and Gaffa, A. T. (2004). Microbial succession during ‘kunun-zaki’
production with sorghum (Sorghum biocolor) grains. World J. Microbiol.
Biotechnol. 20, 449–453. doi: 10.1023/B:WIBI.0000040374.82145.59
Gaffa, T., Jideani, L. A., and Nkama, I. (2002). Traditional production,
consumption and storage of kunu – a non-alcoholic cereal beverage. Plant
Foods Hum. Nutr. 57, 73–81. doi: 10.1023/a:1013129307086
Gambo, A., and Da’u, A. (2014). Tigernut (Cyperus esculentus): composition,
products, uses and health benefits – a review. Bayero J. Pure Appl. Sci. 7, 56–61.
doi: 10.4314/bajopas.v7i1.11
Giraffa, G. (2004). Studying the dynamics of microbial populations during food
fermentation. FEMS Microbiol. Rev. 28, 251–260. doi: 10.1016/j.femsre.2003.
10.005
Gomez-Manzo, S., Chavez-Pacheco, J. L., Contreras-Zentella, M., Sosa-Torres,
M. E., Arreguin-Espinosa, R., Perez de la Mora, M., et al. (2010). Molecular
and catalytic properties of the aldehyde dehydrogenase of Gluconacetobacter
diazotrophicus, a quinoheme protein containing pyrroloquinoline quinone,
cytochrome b, and cytochrome c. J. Bacteriol. 192, 5718–5724. doi: 10.1128/JB.
00589-10
Gotcheva, V., Pandiella, S. S., Angelov, A., Roshkova, Z. G., and Webb, C. (2000).
Microflora identification of the Bulgarian cereal-based fermented beverage
boza. Process Biochem. 36, 127–130. doi: 10.1016/S0032-9592(00)00192-8
Gullo, M., Caggia, C., De Vero, L., and Giudici, P. (2006). Characterization of
acetic acid bacteria in “traditional balsamic vinegar”. Int. J. Food Microbiol. 106,
209–212. doi: 10.1016/j.ijfoodmicro.2005.06.024
Gupta, A., Singh, V. K., Qazi, G., and Kumar, A. (2001). Gluconobacter oxydans:
its biotechnological applications. J. Mol. Microbiol. Biotechnol. 3, 445–456.
Gupta, R. S., and Gao, B. (2009). Phylogenomic analyses of clostridia and
identification of novel protein signatures that are specific to the genus
Clostridium sensu stricto (cluster 1). Int. J. Syst. Evol. Microbiol. 59, 285–294.
doi: 10.1099/ijs.0.001792-0
Hemme, D., and Foucaud-Scheunemann, C. (2004). Leuconostoc, characteristics,
use in dairy technology and prospects in functional foods. Int. Dairy J. 14,
467–494. doi: 10.1016/j.idairyj.2003.10.005
Huang, L., Duan, C., Zhao, Y., Gao, L., Niu, C., Xu, J., et al. (2017). Reduction
of aflatoxin B1 toxicity by Lactobacillus plantarum C88: a potential probiotic
strain isolated from Chinese traditional fermented food ‘Tofu’. PLoS One
12:e0170109. doi: 10.1371/journal.pone.0170109
Ijabadeniyi, A. O. (2007). Microorganisms associated with ogi traditionally
produced from three varieties of maize. Res. J. Microbiol. 2, 247–253. doi:
10.3923/jm.2007.247.253
Ike, C. C., Emeka-Ike, P. C., and Akortha, E. E. (2017). Microbial evaluation of tiger
nuts (Cyperus esculentus L.) sold in Aba, Abia state, Nigeria. IJRDO J. Biol. Sci.
3, 97–107.
Ikpoh, I. S., Lennox, J. A., Ekpo, L. A., Agbo, B. E., Henshaw, E. E., and Udoekong,
N. S. (2013). Microbial quality assessment of kunu beverage locally prepared
and hawked in Calabar, cross river state, Nigeria. Glob. J. Biodivers. Sci. Manag.
3, 58–61.
Frontiers in Microbiology | www.frontiersin.org 15 January 2019 | Volume 9 | Article 3282
fmicb-09-03282 January 2, 2019 Time: 18:19 # 16
Ezekiel et al. Bacterial Communities and Mycotoxins During Kunu Processing
International Agency for Research on Cancer [IARC] (2015). “Mycotoxin control
in low and middle income countries,” in IARC Working Group Report No. 9, eds
C. P. Wild, J. D. Miller, and J. D. Groopman (Lyon: IARC).
Inyang, C. U., and Dabot, Y. A. (1997). Storability and potability of pasteurized
sterilized “kunun-zaki”: a fermented sorghum beverage. J. Food Process. Preserv.
21, 1–7. doi: 10.1111/j.1745-4549.1997.tb00763.x
Jacquot, A., Neveu, D., Aujoulat, F., Mercier, G., Marchandin, H., Jumas-Bilak, E.,
et al. (2011). Dynamics and clinical evolution of bacterial gut microflora in
extremely premature patients. J. Pediatr. 158, 390–396. doi: 10.1016/j.jpeds.
2010.09.007
Kaur, S., Yawar, M., Kumar, P. A., and Suresh, K. (2014). Hungatella eﬄuvii gen.
nov., sp. nov., an obligately anaerobic bacterium isolated from an eﬄuent
treatment plant, and reclassification of Clostridium hathewayi as Hungatella
hathewayi gen. nov., comb. nov. Int. J. Syst. Evol. Microbiol. 64, 710–718. doi:
10.1099/ijs.0.056986-0
Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al.
(2013). Evaluation of general 16S ribosomal RNA gene PCR primers for classical
and next-generation sequencing-based diversity studies. Nucleic Acids Res.
41:e1. doi: 10.1093/nar/gks808
Lopetuso, L. R., Scaldaferri, F., Petito, V., and Gasbarrini, A. (2013). Commensal
clostridia: leading players in maintenance of gut homeostasis. Gut Pathog. 5:23.
doi: 10.1186/1757-4749-5-23
Magne, F., Abely, M., Boyer, F., Morville, P., Pochart, P., and Suau, A. (2006). Low
species diversity and high interindividual variability in faeces of preterm infants
as revealed by sequences of16S rRNA genes and PCR-temporal temperature
gradient gel electrophoresis profiles. FEMS Microbiol. Ecol. 57, 128–138. doi:
10.1111/j.1574-6941.2006.00097.x
Makun, H. A., Gbodi, T. A., Akanya, O. H., Salako, E. A., and Ogbadu, G. H. (2009).
Fungi and some mycotoxins found in mouldy sorghum in Niger State, Nigeria.
World J. Agric. Sci. 5, 05–17.
Makun, H. A., Gbodi, T. A., Tijani, A. S., Abai, A., and Kadiri, G. U. (2007).
Toxicologic screening of fungi isolated form millet (Pennisetum spp.) during
the rainy and dry harmattan seasons in Niger state, Nigeria. Afr. J. Biotechnol.
6, 034–040.
Malachova, A., Sulyok, M., Beltran, E., Berthiller, F., and Krska, R. (2014).
Optimization and validation of a quantitative liquid chromatography-tandem
mass spectrometric method covering 295 bacterial and fungal metabolites
including all relevant mycotoxins in four model food matrices. J. Chromatogr.
A 1362, 145–156. doi: 10.1016/j.chroma.2014.08.037
Mamlouk, D., and Gullo, M. (2013). Acetic acid bacteria: physiology and carbon
sources oxidation. Indian J. Microbiol. 53, 377–384. doi: 10.1007/s12088-013-
0414-z
Masella, A. P., Bartram, A. K., Truszkowski, J. M., Brown, D. G., and Neufeld,
J. D. (2012). PANDAseq: paired-end assembler for illumina sequences. BMC
Bioinformatics 13:31. doi: 10.1186/1471-2105-13-31
Mashiane, R. A., Ezeokoli, O. T., Adeleke, R. A., and Bezuidenhout, C. C. (2017).
Metagenomic analyses of bacterial endophytes associated with the phyllosphere
of a Bt maize cultivar and its isogenic parental line from South Africa. World J.
Microbiol. Biotechnol. 33, 80. doi: 10.1007/s11274-017-2249-y
Moslemi, M., Mazaheri Nezhad Fard, R., Hosseini, S., Homayouni-Rad, A., and
Mortazavian, A. M. (2016). Incorporation of propionibacteria in fermented
milks as a probiotic. Crit. Rev. Food Sci. Nutr. 56, 1290–1312. doi: 10.1080/
10408398.2013.766584
Muyanja, C. M., Narvhus, J. A., Treimo, J., and Langsrud, T. (2003). Isolation,
characterization and identification of lactic acid bacteria from bushera: a
Ugandan traditional fermented beverage. Int. J. Food Microbiol. 80, 201–210.
doi: 10.1016/S0168-1605(02)00148-4
Nielsen, D. S., Teniola, O., Ban-Koffi, L., Owusu, M., Andersson, T., and
Holzapfel, W. (2007). The microbiology of ghanaian cocoa fermentations
analysed using culture-dependent and culture-independent methods. Int. J.
Food Microbiol. 114, 168–186. doi: 10.1016/j.ijfoodmicro.2006.09.010
Nwachukwu, E., Achi, O. K., and Ijeoma, I. O. (2010). Lactic acid bacteria in
fermentation of cereals for the production of indigenous Nigerian foods. Afr.
J. Food Sci. Technol. 1, 021–026.
Ogara, I. M., Zara?, A. B., Alabi, O., Banwo, O., Ezekiel, C. N., Warth, B., et al.
(2017). Mycotoxin patterns in ear rot infected maize: a comprehensive case
study in Nigeria. Food Control 73, 1159–1168. doi: 10.1016/j.foodcont.2016.10.
034
Oguntoyinbo, F. A. (2014). Safety challenges associated with traditional foods of
West Africa. Food Rev. Int. 30, 338–358. doi: 10.1080/87559129.2014.940086
Oguntoyinbo, F. A., and Narbad, A. (2012). Molecular characterization of lactic
acid bacteria and in situ amylase expression during traditional fermentation of
cereal foods. Food Microbiol. 3, 254–262. doi: 10.1016/j.fm.2012.03.004
Oguntoyinbo, F. A., Tourlomousis, P., Gasson, M. J., and Narbad, A. (2011).
Analysis of bacterial communities of traditional fermented West African cereal
foods using culture independent methods. Int. J. Food Microbiol. 145, 205–210.
doi: 10.1016/j.ijfoodmicro.2010.12.025
Oh, N. S., Joung, J. Y., Lee, J. Y., and Kim, Y. (2018). Probiotic and anti-
inflammatory potential of Lactobacillus rhamnosus 4B15 and Lactobacillus
gasseri 4M13 isolated from infant feces. PLoS One 13:e0192021. doi: 10.1371/
journal.pone.0192021
Okeke, C. A., Ezekiel, C. N., Nwangburuka, C. C., Sulyok, M., Ezeamagu, C. O.,
Adeleke, R. A., et al. (2015). Bacterial diversity and mycotoxin reduction during
maize fermentation (steeping) for ogi production. Front. Microbiol. 6:1402.
doi: 10.3389/fmicb.2015.01402
Okeke, C. A., Ezekiel, C. N., Sulyok, M., Ogunremi, O. R., Ezeamagu, C. O.,
Šarkanj, B., et al. (2018). Traditional processing impacts mycotoxin levels and
nutritional value of ogi – a maize-based complementary food. Food Control 86,
224–233. doi: 10.1016/j.foodcont.2017.11.021
Olaoye, O. A., Ubbor, S. C., and Uduma, E. A. (2015). Determination of vitamins,
minerals, and microbial loads of fortified nonalcoholic beverage (kunun zaki)
produced from millet. Food Sci. Nutr. 4, 96–102. doi: 10.1002/fsn3.267
Oliveros, J. C. (2007). Venny. An Interactive Tool for Comparing Lists With
Venn’s Diagrams. Available at: http://bioinfogp.cnb.csic.es/tools/venny/index.
html [accessed July 27, 2018].
Olosunde, O. O., Adegoke, G. O., and Abiodun, O. A. (2015). Composition of
sorghum-millet flour, Aframomum danielli essential oil and their effect on
mycotoxins in kunu zaki. Afr. J Food Sci. 9, 411–416. doi: 10.5897/AJFS2015.
1319
Oluwafemi, F., and Da-Silva, F. A. (2009). Removal of aflatoxins by viable and heat-
killed Lactobacillus species isolated from fermented maize. J. Appl. Biosci. 16,
871–876.
Oluwajoba, S. O., Akinyosoye, F. A., and Olusegun, V. O. (2013). Comparative
sensory and proximate evaluation of spontaneously fermenting kunu-zaki
made from germinated and ungerminated composite cereal grains. Food Sci.
Nutr. 1, 336–349. doi: 10.1002/fsn3.45
Omakwu, J. (1980). The Preservation Effect of Spices in Kunnu-samiya. B.Sc.
dissertation. Zaria: Ahmadu Bello University.
Osuntogun, B., and Aboaba, O. O. (2004). Microbiological and Physio-chemical
Evaluation of some Non-alcoholic beverages. Pak. J. Nutr. 3, 188–192. doi:
10.3923/pjn.2004.188.192
Oyedele, A. O., Ezekiel, C. N., Sulyok, M., Adetunji, M. C., Warth, B., Atanda,
O. O., et al. (2017). Mycotoxin risk assessment for consumers of groundnut in
domestic markets in Nigeria. Int. J. Food Microbiol. 215, 24–32. doi: 10.1016/j.
ijfoodmicro.2017.03.020
Ozogul, F., and Hamed, I. (2018). The importance of lactic acid bacteria for
the prevention of bacterial growth and their biogenic amines formation: a
review. Crit. Rev. Food Sci. Nutr. 58, 1660–1670. doi: 10.1080/10408398.2016.
1277972
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219
R Core Team (2013). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.
Richards, A. B., Krakowka, S., Dexter, L. B., Schmid, H., Wolterbeek, A. P. M.,
Waalkens-Berendsen, D. H., et al. (2002). Trehalose: a review of properties,
history of use and human tolerance, and results of multiple safety studies. Food
Chem. Toxicol. 40, 871–898. doi: 10.1016/S0278-6915(02)00011-X
Rubert, J., Fapohunda, S. O., Soler, C., Ezekiel, C. N., Manes, J., and Kayode, F.
(2013). A survey of mycotoxins in random street-vended snacks from Lagos,
Nigeria, using QuEChERS-HPLC-MS/MS. Food Control 32, 673–677. doi: 10.
1016/j.foodcont.2013.01.017
Russell, A. D. (2003). Lethal effects of heat on bacterial physiology and structure.
Sci. Prog. 86, 115–137. doi: 10.3184/003685003783238699
Sanni, A., Franz, C., Schillinger, U., Huch, M., Guigas, C., and Holzapfel, W.
(2013). Characterization and technological properties of lactic acid bacteria
Frontiers in Microbiology | www.frontiersin.org 16 January 2019 | Volume 9 | Article 3282
fmicb-09-03282 January 2, 2019 Time: 18:19 # 17
Ezekiel et al. Bacterial Communities and Mycotoxins During Kunu Processing
in the production of “Sorghurt,” a cereal based product. Food Biotechnol. 27,
178–198. doi: 10.1080/08905436.2013.781949
Sawa, N., Okamura, K., Zendo, T., Himeno, K., Nakayama, J., and Sonomoto, K.
(2010). Identification and characterization of novel multiple bacteriocins
produced by Leuconostoc pseudomesenteroides QU 15. J. Appl. Microbiol. 109,
282–291. doi: 10.1111/j.1365-2672.2009.04653.x
Sengun, I. Y., and Karabiyikli, S. (2011). Importance of acetic acid bacteria in food
industry. Food Control. 22, 647–656. doi: 10.1016/j.foodcont.2010.11.008
Shetty, P. H., and Jespersen, L. (2006). Saccharomyces cerevisiae and lactic acid
bacteria as potential mycotoxin decontamination agents. Trends Food Sci.
Technol. 17:55. doi: 10.1007/BF02946747
Spitaels, F., Wieme, A., Balzarini, T., Cleenwerck, I., Van Landschoot, A., De
Vuyst, L., et al. (2014a). Gluconobacter cerevisiae sp. nov., isolated from the
brewery environment. Int. J. Syst. Evol. Microbiol. 64, 1134–1141. doi: 10.1099/
ijs.0.059311-0
Spitaels, F., Wieme, A. D., Janssens, M., Aerts, M., Daniel, H.-M., Van Landschoot,
A. V., et al. (2014b). The microbial diversity of traditional spontaneously
fermented lambic beer. PLoS One 9:e95384. doi: 10.1371/journal.pone.0095384
Sulyok, M., Berthiller, F., Krska, R., and Schuhmacher, R. (2006). Development and
validation of a liquid chromatography/tandem mass spectrometric method for
the determination of 39 mycotoxin in wheat and maize. Rapid Commun. Mass
Spectrom. 20, 2649–2659. doi: 10.1002/rcm.2640
Tafere, G. (2015). A review on traditional fermented beverages of Ethiopia. J. Nat.
Sci. Res. 5, 94–102.
Van der Meulen, R., Scheirlinck, I., Van Schoor, A., Huys, G., Vancanneyt, M.,
Vandamme, P., et al. (2007). Population dynamics and metabolite target
analysis of lactic acid bacteria during laboratory fermentations of wheat and
spelt sourdoughs. Appl. Environ. Microbiol. 73, 4741–4750. doi: 10.1128/AEM.
00315-07
van Wyk, D. A., Adeleke, R., Rhode, O. H., Bezuidenhout, C. C., and Mienie, C.
(2017). Ecological guild and enzyme activities of rhizosphere soil microbial
communities associated with Bt-maize cultivation under field conditions in
North West Province of South Africa. J. Basic Microbiol. 57, 781–792. doi:
10.1002/jobm.201700043
Wei, C.-L., Chao, S.-H., Tsai, W.-B., Lee, P.-S., Tsau, N.-H., Chen, J.-S., et al.
(2013). Analysis of bacterial diversity during the fermentation of inyu, a high-
temperature fermented soy sauce, using nested PCR-denaturing gradient gel
electrophoresis and plate count methods. Food Microbiol. 33, 252–261. doi:
10.1016/j.fm.2012.10.001
Wiegel, J., Tanner, R., and Rainey, F. A. (2006). An Introduction to the family
Clostridiaceae. Prokaryotes 4, 654–678. doi: 10.1007/0-387-30744-3-20
Wolfe, B. E., and Dutton, R. J. (2015). Fermented foods as experimentally tractable
microbial ecosystems. Cell 161, 49–55. doi: 10.1016/j.cell.2015.02.034
Wooley, J. C., and Ye, Y. (2010). Metagenomics: facts and artifacts, and
computational challenges. J. Comp. Sci. Technol. 25, 71–81. doi: 10.1007/
s11390-010-9306-4
Yang, L., Yang, H.-L., Tu, Z.-C., and Wang, X.-L. (2016). High-throughput
sequencing of microbial community diversity and dynamics during douchi
fermentation. PLoS One 11:e0168166. doi: 10.1371/journal.pone.0168166
Yutin, N., and Galperin, M. Y. (2013). A genomic update on clostridial
phylogeny: gram-negative spore-formers and other misplaced clostridia.
Environ. Microbiol. 15, 2631–2641. doi: 10.1111/1462-2920.12173
Zabat, M. A., Sano, W. H., Wurster, J. I., Cabral, D. J., and Belenky, P. (2018).
Microbial community analysis of sauerkraut fermentation reveals a stable and
rapidly established community. Foods 7:77. doi: 10.3390/foods7050077
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Ezekiel, Ayeni, Ezeokoli, Sulyok, van Wyk, Oyedele, Akinyemi,
Chibuzor-Onyema, Adeleke, Nwangburuka, Hajšlová, Elliott and Krska. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Microbiology | www.frontiersin.org 17 January 2019 | Volume 9 | Article 3282
